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Abstract 
The retrofitting of two different CO2 capture technologies to an existing cement plant has been evaluated 
technically. The two technologies considered are amine based post-combustion and oxy-combustion. These two 
technologies are chosen because amine based capture is considered to be closest to commercialization, while oxy-
combustion is considered to be a possible future path for the cement industry. Amine based post-combustion CO2 
capture is an energy demanding process, therefore different energy supply options were considered. This included 
utilization of waste heat from the cement exhaust gas and the addition of a dedicated natural gas fired energy plant. 
The energy plant generated more CO2 which also had to be captured resulting in a larger CO2 capture plant 
compared to one where only the CO2 from the cement is captured. Evaluations of the electricity consumption of 
oxy-combustion technologies identified the CO2 compression and purification unit (CPU) as a major consumer. The 
amount of air in-leakage becomes an important factor for the CPU performance. Air in-leakage should be kept to a 
minimum to ensure effective CO2 capture when retrofitting the cement plant with oxy-combustion CO2 capture. 
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1. Introduction 
NORDICCS is a CCS networking platform aiming for increased CCS deployment in the Nordic countries. The 
project will outline the technologies most attractive for CO2 capture, transport and storage and provide a timeline for 
their implementation in the Nordic region. The objective of this work, within the NORDICCS project, is to evaluate 
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capture technologies for the cement industry, in particular retrofitting CO2 capture at the Norcem Heidelberg 
Cement plant in Brevik, Norway. 
An estimated 3.6 Gt of cement was produced globally in 2011 resulting in around 2 Gt of CO2 emissions [1]. For 
the EU countries, the total 2010 CO2 emissions for the cement sector were close to 100 Mt [2]. The annual 
production of cement in Europe has fallen over the last couple of years due to the economic situation and the 
resulting decline in construction activities; however, it continues to be an important industrial sector. The cement 
plant in Brevik, Norway is one of several cement plants located in the Nordic countries. This plant emitted close to 
0.85 Mt of CO2 in 2011.  
This paper focuses on retrofitting post-combustion capture with chemical absorption (MEA), as it is regarded as 
being the technology closest to commercialization, and oxy-combustion CO2 capture, as it is considered a possible 
future path for the cement industry. Other interesting technologies include the calcium looping process but this was 
not covered in this study as is also the case with other technologies currently being tested at a pilot scale in Brevik. 
Process modeling and simulations provided the basis for the investigation into the implementation of the two 
technologies.  
 
Nomenclature 
ASU Air Separation Unit 
CCS Carbon Capture and Storage 
CPU Compression and Purification Unit 
CT Cooling Tower 
DCC Direct Contact Cooler 
ESP Electrostatic Precipitators 
GSA Gas Suspension Absorber 
LHV Lower Heating Value 
LNG Liquefied Natural Gas 
MEA Monoethanolamine  
PH Pre-heater 
RM Raw Mill 
SNCR Selective Non-Catalytic Reduction 
2. Cement production and CO2 capture 
The main ingredient of making cement is limestone (CaCO3). Limestone in powder form is mixed with different 
correction materials in order to achieve the right quality for the cement. This powder mix is pre-heated to 1000 °C, 
at this temperature the limestone is reduced to calcium oxide (CaO) and CO2. The mixture then enters a rotating 
furnace where further heating to 1450 °C takes place. In this process, the powder mixture is sintered together and 
clinker is formed. After cooling the clinker is ground to cement in a mill. The process steps in cement production are 
illustrated in Fig. 1. 
Norcem’s Brevik cement process is characterized by an exhaust gas stream divided into two strings after the pre-
calciner. Both strings are fed through a series of cyclone pre-heaters (PHs) and cooled down by condensing towers 
(CTs). In the raw mill (RM), ambient air is supplied for fluidizing the raw material to prevent clogging. This leads to 
significant process air in-leakage in String 2 which is used for this purpose. The exhaust gas system is equipped with 
electrostatic precipitators (ESPs) in both strings, a Gas Suspension Absorber (GSA) system in string one and bag 
filters (FF) in both strings. In addition, the pre-calciner is equipped with a Selective Non-Catalytic Reduction 
(SNCR) to lower NOx emissions. The CO2 concentrations are different for Strings 1 and 2 due to the air in-leakage, 
approximately 18% and 13%, respectively. An illustration of the current exhaust gas configuration is provided in 
Fig.2. 
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Fig. 1. Illustration of cement production. 
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Fig. 2. Current exhaust gas configuration at Norcem, Brevik. 
 
Post-combustion and oxy-combustion technologies are considered to be the most applicable for CO2 capture in a 
cement plant. Pre-combustion technologies have a disadvantage as only 40% of the emissions are due to fuel 
consumption in a typical cement plant. The remaining emissions come from the calcination process (i.e., originating 
from the raw material). Post-combustion capture would be easier to implement on existing plants as no major 
changes to the cement production are necessary (although SOx, NOx, and dust reduction would be necessary). 
Implementation of oxy-combustion leads to modifications in the cement production plant, but is still considered to 
be interesting.  
3. Methodology and assumptions 
The basis for the technical evaluation of implementation of CO2 capture on an existing cement plant was the 
Heidelberg Cement plant in Brevik, Norway. Current exhaust gas data for the two strings at the stacks are given in 
Table 1. In addition, modified exhaust gas data is also provided for String 2, here String 2 is no longer utilized in the 
RM which means reduced air in-leakage. This was included as it would be the most likely configuration of String 2 
if post-combustion CO2 capture is to be adopted.  
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Table 1. Current exhaust gas data for the two strings [3]. 
Properties Unit String 1 String 2 Modified String 2 
Volume flow Nm3/h wet 129729 264 034 127 400 
Temperature °C 80 80 80 
Mole frac O2  0.073 0.14 0.068 
Mole frac H2O  0.089 0.053 0.093 
Mole frac CO2  0.221 0.137 0.283 
Mole frac N2  0.618 0.67 0.555 
Total mole flow mol/h 5 788 175 11 779 893 5 684 276 
 
3.1. Post-combustion MEA based CO2 capture 
The process simulations of the CO2 capture plant were performed using Aspen Plus. A CO2 capture rate of 85% 
is used as the basis for the simulation with a 30 wt% MEA solution as the solvent. In Aspen Plus, the absorber and 
desorber columns are simulated using the RadFrac block for rate-based calculations with the Electrolyte NRTL 
property model, and the Reidlich-Kwong equation of state. The packing material used is Mellapak 250 Y. The 
exhaust gas data given in Table 1 (String 1 and modified String 2) are used as the exhaust gas input for the 
simulations. After being captured the CO2 is compressed to 120 bar. Further conditioning of the CO2 for transport 
and transport to permanent storage by either ship or pipeline is not a part of this study.  
MEA based post-combustion CO2 capture is an energy intensive process. Regeneration of the MEA takes place in 
the desorber at elevated temperatures, approximately 120 °C. Steam is supplied to the desorber reboiler to provide 
the heat for regeneration of MEA. In addition, energy is needed for the exhaust gas fans and CO2 compression. It is 
uncommon for industrial plants to have sufficient excess energy available to cover what is needed in the CO2 
capture plant. The rest of the energy needed must be covered by other means, usually from a dedicated energy plant 
in order to reach a CO2 capture rate of 85% from the cement plant. In the current study, the energy is generated by 
burning of natural gas which produces more CO2.   
The simulation sequence was as follows; Aspen Plus simulation of 85% CO2 capture from the cement plant 
(String 1 and modified String 2), estimation of the energy consumption of the CO2 capture plant, iterative Excel 
calculations of a natural gas fired energy plant, Aspen Plus simulation which included the CO2 from both the cement 
and the energy plant.  
3.2. Oxy-combustion CO2 capture 
The oxy-combustion process was modeled and simulated in Aspen HYSYS. The chosen property package was 
Peng-Robinson-Stryjek-Vera EOS (PRSV). 
Implementation of oxy-combustion CO2 capture at a cement plant requires the following additional equipment: 
x Air Separation Unit (ASU) for production of high-purity oxygen. 
x CO2 Compression and Purification Unit (CPU) to purify the exhaust gas and compress the CO2 to required 
CO2 quality and pressure. 
x Recirculation pipe to recirculate some of the exhaust gas back to the kiln to avoid too high temperatures in 
the kiln. 
Oxy-combustion CO2 capture causes significant auxiliary power consumption, compared to normal operation 
without CO2 capture. The compressor work in the ASU and the CO2 CPU are the main causes of the increased 
power consumption. In addition, process modifications to the cement plants, particularly the kiln burners and the 
cooler, might be necessary.  
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The following assumptions were made for the oxy-combustion simulations: 
x The O2 purity supplied by the ASU was specified to 95 mol-%. This is derived from several previous 
studies [5, 6]. 
x N2 content in O2 supplied by the ASU: 2 mol-%. 
x Argon content in O2 supplied by the ASU: 3 mol-%. 
x The minimum CO2 capture rate at 80 %, with a preferred level of around 90 %. 
x CO2 was to be compressed to 110 bara before injection into the transfer pipeline. 
x Seawater is available for cooling, with an average seawater temperature of 12 °C.  
x The pinch point difference in the seawater coolers >10 K. 
x 80 % adiabatic efficiency of compressors. 
x 75 %. polytrophic efficiency of pumps. 
x Pressure drop in heat exchangers was set to 30 kPa, equal to ~3 % of inlet pressure (1 atm). 
x Air in-leakage in the proposed solution:  2 % of total gas flow. 
4. Results and discussion 
4.1. Post-combustion MEA based CO2 capture 
The energy consumption in the capture plant is mainly due to the desorber reboiler for regeneration of MEA. In 
addition, there is also a need for electricity for operation of exhaust gas fan and compression of CO2 to 120 bar. The 
initial Aspen Plus simulation of CO2 capture from the cement plant gave a total reboiler duty of 111 MW and 12 
MW for the operation of exhaust gas fan and CO2 compression when capturing 85% of the CO2.  
Some of the energy needed in the desorber reboiler could be covered by waste heat that could be made available 
from both exhaust gas strings. In this study the cooling towers are therefore assumed replaced with waste heat 
boilers (WHBs) for recovery of this waste heat. It should be noted that this is not straight forward, as a WHB has a 
considerable area and maintenance need. The heat recovery potential from String 1 is from 389 °C down to 169 °C 
(the current operational temperature of the GSA). It could be argued for an even lower temperature of the exhaust 
gas into the GSA, however, this is not considered further here. As String 2 is assumed to no longer be utilized in the 
raw mill, it is considered equal to String 1 but, with a slightly lower temperature out of the pre-heater, resulting in 
heat recovery from 382 °C to 169 °C. The estimated energy that could potentially be recovered from the two strings 
was 24.5 MW. 
The energy recovered from the exhaust gas can only cover a part of the total energy needed for capturing the 
CO2. The rest must be covered by an energy plant. The energy needed for CO2 compression and exhaust fan(s) was 
also generated in the energy plant. Here, energy is generated by burning natural gas in a boiler system. Super-heated 
steam at 50 bar and 310 °C was produced. The super-heated steam is utilized in steam backpressure turbines for 
operation of the compressors and fan(s). Afterwards, the pressure of the steam was reduced to 2.7 bar at 130 °C for 
utilization in the reboiler. A boiler loss of 15% based on LHV and a turbine loss of 2.5% (mechanical) are included. 
The lower heating value (LHV) and associated CO2 emission factor for natural gas is given in Table 2. The 
integration between the cement, energy and CO2 capture plant is illustrated in Fig. 3. In the illustration, the cooling 
towers (CTs) are replaced with waste heat boilers (WHBs) for recovery of excess energy from the exhaust gas.  
 
Table 2.Natural gas properties [4]. 
 
 
 
CO2 emission factor CO2 emission factor 
Lower heating value 
(LHV) 
1.91 kg CO2/Sm3 0.2 kg CO2/kWh 34.2 MJ/Sm3 
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Fig. 3. Integration between the cement, energy and CO2 capture plant. 
 
The iterative Excel model of the energy plant described above was used to estimate the final capacity of the CO2 
capture plant needed to capture the CO2 generated in both the cement and the energy plant. A capture rate of 100% 
of the CO2 generated in the energy plant was needed in order to achieve an 85% capture rate from the cement plant. 
The results of the iteration calculations and the Aspen Plus simulation of the increased CO2 capture plant are given 
in Table 3. The exhaust gas from the cement plant (String 1 and modified String 2) and the flue gas from the energy 
plant are included.  
 
Table 3. Results from the iteration calculations. 
Property Unit Value 
CO2 from cement production t/h 127 
CO2 from energy plant t/h 32 
Actual capture rate  % 88 
CO2 captured t/h 140 
Natural gas consumption Sm3/h 1.7e4  
Reboiler duty covered by waste heat MW 24.5 
Reboiler duty not covered by waste heat1 MW 141 
Total reboiler duty needed1 MW 165.5 
Exhaust gas fan energy consumption2 MW 1.5 
CO2 compression energy consumption2 MW 17.5 
1A boiler loss of 15% based on LHV is included. 
2A boiler loss of 15% based on LHV and a turbine loss of 2.5% (mechanical) are included. 
 
The results presented in Table 3 show that a considerable amount of CO2 is generated in the natural gas fired 
energy plant, 32 t/h. The inclusion of this CO2 amount for capture together with the CO2 produced in the cement 
plant increases the desorber reboiler duty from 111 MW to 165.5 MW.  
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4.2. Oxy-combustion CO2 capture 
The simulation layout chosen for the oxy-combustion setup is shown in Fig. 4. The plant is very similar to one 
proposed by ECRA in [7].  
 
 
Fig. 4. Oxy-combustion cement plant layout as modeled in this work. 
 
A summary of the results of the process simulations is shown in Table 4. 
 
Table 4. Sensitivity of air in-leakage on results 
Property Unit Case 1 Case 2 Case 3 
Air in-leakage % 2 % 4 % 6 % 
CO2 in flue gas before capture mol-% 85 81 77 
CO2 capture rate  % 96 94 92 
CO2 captured  kmol/s 0.81 0.79 0.77 
CO2 captured  t/h 128 125 122 
CPU power  MW 21.3 21.4 23.5 
CPU power  kWh/tCO2 166 171 192 
Energy consumption ASU  MW 12.5 12.5 12.5 
 
The CPU power increase is compared to the best case scenario of 2 % air in-leakage. Table 4 shows that the 
power consumption of the CPU increases with increasing air in-leakage. This is because the increased air in-leakage 
causes a lower CO2 concentration in the flue gas, and thus causes a higher work of separation. In addition, higher air 
in-leakage gives a higher volumetric flow of the flue gas. The energy consumption of the ASU remains unchanged, 
as the air in-leakage only affects the cement plant process and the CPU process. Table 4 highlights the importance of 
preventing air in-leakages in the system. 
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5. Conclusions 
Integration between cement production and two different CO2 capture technologies, MEA based post-combustion 
and oxy-combustion has been assessed technically. 
When retrofitting the plant with an oxycombustion system, an ASU for production of the oxygen is required for 
the combustion in the kiln and pre-calciner. In addition, installation of a CPU for processing of the flue gas is 
required. Additional space for both these units is necessary. For retrofitting of a cement plant, the clinker cooler and 
the kiln burners would require a new design. Reduction of air in-leakages, for example, by improvement of sealing 
would be critical. Evaluations of the electricity consumption of oxy-combustion technologies identified the CPU as 
a major consumer. The amount of air in-leakage becomes an important factor for the CPU performance. Air in-
leakage should be kept to a minimum to ensure effective CO2 capture. 
Post-combustion CO2 capture requires, compared to oxy-combustion, few modifications to the existing cement 
plant. The major modifications include the addition of WHB’s for recovery of waste heat and if not already in place 
exhaust gas treatment (NOx, SOx and dust). CO2 capture using amines (MEA) is an energy intensive process here, 
the energy is supplied from exhaust gas waste heat and a dedicated energy plant. The CO2 generated in the energy 
plant is also included for capture leading to a larger CO2 capture plant than if only the CO2 from the cement plant is 
to be captured. 
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